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Impact of Nuclear Factor Erythroid
2—-Related Factor 2 in Hepatocellular
Carcinoma: Cancer Metabolism and
Immune Status
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We examined phosphorylated nuclear factor erythroid 2-related factor 2 (P-NRF2) expression in surgically resected
primary hepatocellular carcinoma (HCC) and investigated the association of P-NRF2 expression with clinicopatho-
logical features and patient outcome. We also evaluated the relationship among NRF2, cancer metabolism, and pro-
grammed death ligand 1 (PD-L1) expression. In this retrospective study, immunohistochemical staining of P-NRF2
was performed on the samples of 335 patients who underwent hepatic resection for HCC. Tomography/computed
tomography using fluorine-18 fluorodeoxyglucose was performed, and HCC cell lines after NRF2 knockdown were
analyzed by array. We also analyzed the expression of PD-L1 after hypoxia inducible factor 1o (HIF1A) knockdown in
NRF2-overexpressing HCC cell lines. Samples from 121 patients (36.1%) were positive for P-NRF2. Positive P-NRF2
expression was significantly associated with high alpha-fetoprotein (AFP) expression, a high rate of poor differentia-
tion, and microscopic intrahepatic metastasis. In addition, positive P-NRF2 expression was an independent predictor
for recurrence-free survival and overall survival. NRF2 regulated glucose transporter 1, hexokinase 2, pyruvate kinase
isoenzymes L/R, and phosphoglycerate kinase 1 expression and was related to the maximum standardized uptake value.
PD-L1 protein expression levels were increased through hypoxia-inducible factor la after NRF2 overexpression in
HCC cells. Conclusions: Our large cohort study revealed that P-NRF2 expression in cancer cells was associated with
clinical outcome in HCC. Additionally, we found that NRF2 was located upstream of cancer metabolism and tumor
immunity. (Hepatology Communications 2022;6:665-678).

epatocellular carcinoma (HCC) is a com- Nuclear factor erythroid 2-related factor 2 (NRF2)
mon cancer worldwide.”) Hepatic resection is an antioxidant protein—associated transcription fac-
is a safe and effective treatment in patients tor.) We previously reported that NRF2 is involved
with HCC, and preserves liver function. However, in the metastasis of HCC.®) High expression of
the proportion of patients who develop intrahepatic NRF2 is significantly associated with poor prognosis
recurrence remains high.*? in various cancers,®” and suppressing NRF2 led to

Abbreviations: AFE  alpha-fetoprotein; CI, confidence interval; MF—FDG, Sluorine-18 fluorodeoxyglucose; G6Pase, glucose-6-phosphatase;
GLUT1, glucose transporter 1; HCC, hepatocellular carcinoma; HIF1o, hypoxia inducible factor 1o; HK2, hexokinase 2; HR, hazard ratio; IFN-y,
interferon gamma; IHC, immunobistochemistry; IQR, interquartile range; mRINA, messenger RNA; NRF2, nuclear factor erythroid 2—related factor
2; OS, overall survival; PCR, polymerase chain reaction; PD-L1, programmed death ligand 1; PET/CT; positron emission tomography/computed
tomagraphy; PGK1, phosphoglycerate kinase 1; PKLR, pyruvate kinase isoenzymes L/R; P~-NRF2, phosphorylated nuclear factor erythroid—derived
2-like 2; RFS, recurrencefree survival; SUVmax, standardized uptake value maximum.
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the down-regulation of a series of genes involved in
the pentose phosphate g)athway, which is a branch of
glycolytic metabolism.®

The recent large phase 3 study IMbravel50
demonstrated improvements in HCC prognosis for
atezolizumab, an anti—programmed cell death ligand
1 (PD-L1) antibody + bevacizumab, an angiogene-
sis inhibitor, compared with sorafenib.”’ Recently, we
revealed that PD-L1 expression in cancer cells was
associated with poor clinical outcome in 418 patients
with HCC, and a high maximum standardized uptake
value (SUVmax) on fluorine-18 fluorodeoxyglucose
("®F-FDG) positron emission tomography/com-
puted tomography (PET/CT) was associated with
high PD-L1 expression in patients with HCC.(1%1)
High NRF2 expression was related to high PD-L1
expression in various cancers. 1219 However, the rela-
tionship among NRF2 protein expression, "F-FDG
PET/CT, and PD-L1 protein expression in HCC is
unclear.

In this study, we examined the prognostic impact of
NREF2 protein expression in patients with HCC and
the association of NRF2 with PD-L1 expression and
the SUVmax on *F-FDG PET/CT.

Materials and Methods

CELL CULTURE AND REAGENTS

HuH7 and Hep3B cells were obtained from the
American Type Culture Collection (Manassas, VA).

View this article online at wileyonlinelibrary.com.

DOI 10.1002/hep4.1838
Potential conflict of interest: Nothing to report.

ARTICLE INFORMATION:

HEPATOLOGY COMMUNICATIONS, April 2022

HuH7 and Hep3B were cultured in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal bovine serum, 100
IU/mL penicillin, and 100 pg/mL streptomycin at 37°C
in 10% CO,. Antibodies against phosphorylated NRF2
(P-NRF2), NRF2, PD-L1, and HIF1la were purchased
from Abcam (Cambridge, United Kingdom). B-actin
antibody was obtained from Sigma-Aldrich (St. Louis,
MO). Stealth RNA interference (RINAi; Thermo Fisher
Scientific, Waltham, MA; GE Healthcare Dharmacon,
Lafayette, CO) was used to knock down HIFIA.

GENERATION OF NRF2-EXPRESSING
CELLS AND NFE2L.2 AND HIF1A4
GENE SUPPRESSION

NREF2 plasmid (NM_006164; Origene) was
transfected into HCC cells using the jetPRIME kit
(Polyplus Transfection). An empty vector (pCMV6-
Entry Vector; Origene) was also transfected into
HCC cells as a control. Forty-eight hours after trans-
tection, HCC cells were selected with 500 pg/mL
(G418 (Sigma-Aldrich). The limiting dilution method
was used for the isolation of single-cell clones from
the transfected HCC cells. Selected single cells were
placed in each well of culture plates, and the clonal
populations growing from each cell were isolated.
HCC cells were checked for mycoplasma infection
before and after transfection, and all were negative.

We used NFE2L2-knockdown or HIF1A-
knockdown cells. Transient gene suppression was
achieved in HuH7 and Hep3B HCC cells using
Stealth  RNAi. Cells were prepared in complete
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growth medium without antibiotics (50,000 cells per
500 pL; 30%-50% confluency 24 hours after plat-
ing). Then reverse transfection was performed using
10 nM Stealth RNAi with Opti-MEM I Reduced
Serum Medium and Lipofectamine RNAIMAX for
24 hours at 37°C in a CO, incubator.

WESTERN BLOTTING

Samples were lysed in lysis buffer containing 50
mmol/L Tris HCI (pH 6.8) and 10% sodium dodecyl
sulfate, and the protein concentration of each sam-
ple was determined using a Bio-Rad Protein Assay
kit (Hercules, CA). Samples were heated at 95°C
for 5 minutes and subjected to electrophoresis using
SuperSep Ace 12% gels (Fujifilm) at 20 mA for 80
minutes. The Trans-Blot Turbo Transfer System
(Bio-Rad) was used to transfer proteins onto polyvi-
nylidene fluoride membranes (Bio-Rad). Primary and
secondary antibodies were diluted in iBind solution
(Invitrogen, Waltham, MA). Primary antibodies were
anti-rabbit NRF2 antibody (dilution 1:1,000; Abcam),
anti-rabbit P-NRF2 (dilution 1:1,000; Abcam), anti-
rabbit HIF1a (dilution 1:1000; Abcam), anti-rabbit
PD-L1 (dilution 1:500; Abcam), and anti-rabbit glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH;
dilution 1:5,000; GeneTex, Irvine, CA). Secondary
antibody was goat anti-rabbit immunoglobulin G
(IgG) H&L (1:5,000; Abcam) and anti-mouse IgG
H&L (1:5,000; Abcam). The membranes were incu-
bated in iBind solution (Invitrogen) with primary and
secondary antibodies. Each blot was incubated with
Chemiluminescent HRP Antibody Detection Reagent
(Denville Scientific, Holliston, MA) and imaged using
Amersham Imager 600 (GE Healthcare).

IMMUNOHISTOCHEMICAL
STAINING

Immunohistochemical ~(IHC)  staining for
P-NRF2 and PD-L1 was performed on 4-pm-thick
formalin-fixed and paraffin-embedded sections.
Sections were first deparaffinized and then blocked
with 10% normal goat serum. The tissue sections
were incubated with P-NRF2 primary antibody (rab-
bit monoclonal; 1:100; clone #EP1809Y; Abcam)
at 4°C overnight. Stained slides were scanned
using the NanoZoomer (Hamamatsu Photonics

KK, Japan). IHC data for P-NRF2 staining were
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evaluated by three experienced researchers (N.I.,
K.Y., and K.K.) who were blinded to the clinical
statuses of the patients. The final assessments were
achieved by consensus. The staining intensities of
cancer cells with nuclear staining for P-NRF2 were
scored as 0 (negative), 1 (weak), 2 (moderate), or 3
(strong). Tumor cell staining was scored as 0 (0%), 1
(1%-25%), 2 (26%-50%), 3 (51%-75%), or 4 (76%-
100%). IHC for PD-L1 was performed as described
previously.(ll) We set the cutoff of PD-L1 positivity
at 1%.1119

IMMUNOFLUORESCENCE

Treated cells were first incubated with 4% para-
formaldehyde for 10 minutes at room temperature
and then blocked with 5% goat serum for 60 min-
utes at room temperature. Cells were then incu-
bated with primary antibodies (P-Nrf2, dilution
1:2,000, Abcam; PD-L1, dilution 1:1,000, Cell
Signaling Technology, Danvers, MA) at 4°C over-
night, followed by incubation with Alexa Fluor
597-conjugated or Alexa Fluor 488-conjugated sec-
ondary antibodies (1:250, Thermo Fisher Scientific)
for 1 hour at room temperature. Cells were then
stained with diamidino-phenylindole for 10 min-
utes at room temperature. After washes, cells were
observed using a fluorescence microscope (Biorevo

BZ-9000; Keyence, Osaka, Japan).

RNA EXTRACTION, REAL-TIME
POLYMERASE CHAIN REACTION,
AND POLYMERASE CHAIN
REACTION ARRAY

Total RNA was extracted from cells using the
Maxwell RSC simplyRNA Cells Kit (Promega,
Madison, WI). Quantitative real-time polymerase
chain reaction (PCR) was performed using the ABI
Prism 7000 Sequence Detection System (Applied
Biosystems, Foster City, CA). The primers used in this
study were as follows: glucose transporter 1 (GLUT1)
torward 5'-CTGCAACGGCTTAGACTTCGAC-3’
and reverse 5-TCTCTGGGT-AACAGGGATCAAA
CA-3; hexokinase 2 (HK2) forward 5-AACAG
CCTGGACGAGAGCATC-3 and reverse 5-
AGGTCAAACTCCTCTCGCCG-3;  phospho-
glycerate kinase 1 (PGKI) forward 5-ATGCTG
AGGCTGTCACTCGG-3" and reverse 5'-CAC
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AGCAAGTGGCAGTGTCTCC-3’; and  pyru-
vate kinase L/R (PKLR) forward 5-TGGG
AAAACTGGGTGGGATGGATG-3" and reverse
5'-GAAGGAAGCAGCCGGGGATTTGAC-3'.
Relative expression was calculated using the 274¢"
method. Each sample was analyzed in triplicate. PCR
array was performed using RT? Profiler PCR Arrays

(Qiagen, Hilden, Germany).

DETERMINATION OF CELL
VIABILITY

Cell viability was evaluated using the CellTiterGlo
luminescent cell viability assay kit (Promega), which
determines cellular viability using adenosine triphos-
phate levels.

TRANSWELL MIGRATION AND
INVASIVENESS ASSAY

Cell migration and invasiveness assays used Falcon
Permeable Supports for 24-well plates with an 8.0-
pm Transparent PET Membrane (Corning, Corning,
NY). Cell invasion assays were performed using 15
pL Matrigel Matrix (5 mg/mL) (Corning) to coat the
bottom of each Transwell insert. Stained cells using
Dift-Quik (JACLaS, Tokyo, Japan) on the Transwell
membrane surface were counted in five randomly
selected fields at x200 magnification and quantified
using Image ] software (https://imagej.net/). The

experiment was repeated 3 times.

TISSUE SAMPLES
A total of 355 patients with HCC who underwent

hepatic resection at the Department of Surgery and
Science, Kyushu University Hospital, between January
2002 and December 2018, were enrolled in this study.
The details of our surgical techniques and patient
selection criteria for hepatic resection in HCC were
previously reported.™ No patients received preoper-
ative treatment. Patients were followed up as outpa-
tients every 1 to 3 months after discharge. Dynamic
computed tomography was performed by radiologists
every 3 months, and magnetic resonance imaging was
performed if recurrence was suspected. Clinical infor-
mation and follow-up data were obtained from medical
records. This study was approved by the ethics commit-
tee of Kyushu University (approval code: 2020-745).
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BR-FDG PET/CT

In each patient, 185 MBq FDG was intravenously
administered after fasting for at least 4 hours. Scans
were conducted from the middle of the thigh to the
top of the skull 60 minutes after FDG administration.
FDG-PET/CT images were obtained using an inte-
grated PET/CT scanner (Discovery STE; GE Medical
Systems, Milwaukee, WI) or Biograph mCT (Siemens
Medical Solutions, Erlangen, Germany). All emission
scans were performed in the 3-dimensional mode, and
the acquisition time per bed position was 3 minutes for
Discovery STE and 2 minutes for Biograph mCT. We
reconstructed PET images using the ordered subset
expectation maximization method (VUE Point Plus)
with two full iterations of 28 subsets for the Discovery
STE and iterative True-X algorithm, and time-of-flight
(Ultra HD-PET) with two full iterations of 21 subsets.
The True-X algorithm incorporates an additional specific
correction for the point-spread function. The FWHM
values of the Discovery STE and Biograph mCT were
5.2 and 4.4 mm, respectively. A low-dose 16-slice CT
image (tube voltage 120 kV; effective tube current 30-
250 mA; Discovery STE) and a low-dose 32-slice CT
image (tube voltage 120 kV; angular and longitudinal
dose modulation; CAREDose4D; Biograph mCT)
from the vertex to the proximal thigh were performed
for attenuation correction and to determine the precise
anatomical location of the lesions before the acquisition
of PET images. CT scans were reconstructed by filtered
back projection into 512 x 512 pixel images with a slice
thickness of 5 mm to match the PET scan. FDG uptake
in lesions was evaluated using SUVmax and calculated
using a dedicated workstation for each scanner. The best
cutoft values of these markers were determined by the
receiver operating characteristic curve.

STATISTICAL ANALYSIS

Standard statistical analyses were used to evaluate
descriptive statistics, such as medians, frequencies, and
percentages. Continuous variables without a normal
distribution and variables, such as the data obtained
using cell lines, were compared using the Mann-
Whitney U test. A logistic regression analysis was
performed to identify variables for P-NRF2 expres-
sion. Categorical variables were compared using the
x* test or Fisher’s exact test. Survival data were used
to establish a univariate Cox proportional hazards


https://imagej.net/
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model. Covariates that were significant at P < 0.05
were included in the multivariate Cox proportional
hazards model. Cumulative overall survival (OS) and
recurrence-free survival (RFS) rates were calculated
using the Kaplan-Meier method, and differences
between the curves were evaluated using the log-
rank test. Differences were considered significant at
P < 0.05. All statistical analyses were performed using
JMP15 software (SAS Institute Inc., Cary, NC).

Results

P-NRF2 EXPRESSION AND
CLINICOPATHOLOGICAL
CHARACTERISTICS IN HCC

To estimate the expression levels of P-NRF2 in
HCC, we performed IHC staining of 335 HCC
tissues. The cancer cells showed nuclear staining
for P-NRF2 (Fig. 1). We used Q_score to quantify
expression, which is the sum of the intensity and pro-
portion scores and ranges from 0 to 7. The median
P-NRF2 Q _score was 3. A Q_score < 4 was considered
negative and a Q_score > 4 was positive. The associ-
ations between P-NRF2 expression and clinicopath-
ological characteristics in patients with HCC were
evaluated. Table 1 summarizes the clinicopathological
factors of patients with high and low P-NRF2 expres-
sion. A total of 121 (36.1%) patients were positive for

ISEDA ET AL.

P-NRF2. P-NRF2 protein expression was higher in
patients with high AFP (P = 0.0229), high rates of
poorly differentiated HCC (P < 0.0001), and micro-
scopic intrahepatic metastasis (P = 0.0244).

P-NRF2 EXPRESSION AND SUVMAX

Next, we assessed the association between THC
staining for P-NRF2 and SUVmax in 171 patients
with HCC. P-NRF2-positive expression in can-
cer cells was associated with a significantly high
SUVmax compared with P-NRF2-negative expres-
sion (P-NREF2-positive: median 4.89, interquartile
range [IQR] 3.66-6.73; P-NRF2-negative: median
3.38,IQR 2.91-4.21; P < 0.0001) (Fig. 2).

P-NRF2 EXPRESSION AND
PATIENT SURVIVAL

Next, we assessed whether P-NRF2 expression was
related to postoperative survival using the Kaplan-
Meier method. The 10-year RFS and OS rates were
19.0% and 31.5%, respectively, in patients with high
P-NRF?2 expression, and 24.9% and 60.9%, respectively,
in patients with low P-NREF2 expression (Fig. 3A,B).
Patients with high P-NRF2 expression had a signifi-
cantly worse prognosis than those with low P-NRF2
expression for RFS (log rank P < 0.001) and OS (log
rank P < 0.0001) (Fig. 3A,B). Among the 193 cases

with recurrence, the rate of postoperative intrahepatic

x400 x400

FIG. 1. IHC staining of P-NFR2 in patients with HCC.
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TABLE 1. ASSOCIATION BETWEEN P-NRF2 AND
PATIENT CLINICOPATHOLOGICAL FACTORS

P-NRF2-Low P-NRF2-High
Characteristic (n=214) (n=121) PValue
Age (years) 70 (64-77) 69 (63-76) 0.8083
Sex, male/female 154/60 87/34 0.9904
BMI (kg/m?) 22.96 (20.79-25.35) 23.67 0.1614
(21.68-25.85)
Diabetes mellitus 71 (33.1%) 38 (31.4%) 0.7394
HBs-Ag-positive 37 (17.2%) 20 (16.5%) 0.8587
HCV-Ab-positive 108 (50.4%) 58 (47.9%) 0.6560
Albumin (g/dL) 4.0 (3.8-4.2) 3.9 (3.7-4.3) 0.1081
Child-Pugh 6 (2.8%) 54.1%) 0.5346
classification,
grade B
AFP (ng/mL) 8.9 (4.0-48.1) 16.9 (4.8-417) 0.0229
DCP (mAU/mL) 99 (25-418) 105 (27-793) 0.3388
Tumor size (cm) 3.2 (2.4-4.8) 3.4 (2.3-5.5) 0.5961
Solitary/multiple 178/36 98/23 0.6139
BCLC staging, 27 (12.6%) 22 (18.1%) 0.1661
BorC
Gross classifica- 129 (60.3%) 80 (66.1%) 0.2896
fion, single
nodular type
Poorly 40 (18.6%) 48 (39.6%) <0.0001
differentiated
Microscopic vas- 62 (28.9%) 34 (28.1%) 0.8652
cular invasion
Microscopic 22 (10.2%) 23 (19.0%) 0.0244
intrahepatic
metastasis
F3 or F4 86 (40.1%) 52 (42.9%) 0.6184

Note: The data are presented as n (%) or median (IQR).
Abbreviations: BCLC, Barcelona Clinic Liver Cancer; BMI, body
mass index; DCP, des-gamma-carboxyprothrombin; HBs-Ag, hep-
atitis B surface antigen; and HCV-Ab, hepatitis C virus antibody.

metastasis with multiple nodules was higher in patients
with high P-NREF2 expression than in those with low
P-NRF2 expression (22 of 76 [29.0%] vs. 11 of 117
[9.4%]; P = s0.0005). There was no significant differ-
ence in the rate of distant metastasis between high and
low P-Nrf2 expression group (11 of 76 [14.5%] vs. 12
of 117 [10.3%]; P = 0.3810). The rate of repeat hepatic
resection or local ablation therapy for intrahepatic
recurrence tended to be higher in patients with low
P-NRF?2 expression than in those with high P-NRF2
expression (36 of 76 [47.4% vs. 70 of 117 [59.8%];
P =0.0892). The rate of using molecular target agents
was higher in patients with high P-NRF2 expression
than in those with low P-NREF2 expression (6 of 76
[7.9%] vs. 2 of 117 [1.7%]; P = 0.0365).
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104 P < 0.0001

SUVmax

L

) 1

P-Nrf2 negative
(n=105)

P-Nrf2 positive
(n=66)

FIG. 2. Relationship between P-NRF2 and SUVmax. The median
SUVmax values with P-NRF2 negativity and positivity were 3.38
(IQR 2.91-4.21) and 4.89 (IQR 3.66-6.73), respectively (P <
0.0001).

UNIVARIATE AND MULTIVARIATE
ANALYSES OF PROGNOSTIC
FACTORS FOR RFS AND OS

Table 2 lists the univariate and multivariate analy-
ses results associated with RFS and OS after hepatic
resection in patients with HCC. Cox proportional
hazards regression model with multivariate analysis
showed that P-NREF2-positive expression in cancer
cells was associated with significantly worse RFS and
OS (hazard ratio [HR] 1.95, 95% confidence inter-
val [CI] 1.43-2.66, P < 0.0001 and HR 1.91, 95% CI
1.23-2.95, P = 0.0037, respectively).

ASSOCIATION OF NRF2
EXPRESSION AND CANCER
METABOLISM

We investigated the association of NRF2 and
metabolism in Hep3B and HuH7 HCC cell lines,
because there is a clinical relationship between
P-NRF2 and metabolism. Messenger RNA (mRNA)
expression in NRF2-overexprssing Hep3B cell and
control Hep3B cell was analyzed using RNA arrays.
A heatmap showed distinct differences in mRNA
expression in NRF2-overexpressing cells compared
with mRNA expression in control cells. Compared
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FIG. 3. Kaplan-Meier curves showing the survival of patients
with HCC according to the expression of P-NREF2. (A) RFS in all
patients. (B) OS in all patients.

with control cells, glycolysis-related mRNA was up-
regulated in NRF2-overexpressing cells (Fig. 4A).
GLUT1, HK2, PKLR, and PGKI expression was next
assessed using quantitative real-time PCR in NRF2-
overexpressing cells and control cells. GLUT1, HK2,
PKLR, and PGK1 expression was higher in NRF2-
overexpressing cells (Fig. 4B,C). We next investi-
gated the proliferation of NRE2-overexpressing cells
using the CellTiterGlo luminescent cell viability
assay kit (Promega). The results showed that NREF2-
overexpressing cells had a significantly higher prolifer-
ation rate compared with the control cells (Supporting
Fig. S1A). Moreover, we performed Transwell assays
to investigate the influence of NRF2 on migration and

ISEDA ET AL.

invasion. Compared with the control, migration and
invasion was up-regulated in NRF2-overexpressing

cells (Supporting Fig. S1B,C).

P-NRF2 REGULATED PD-L1
EXPRESSION THROUGH HIF1a

Previously, we reported a relationship between meta-
bolic activity and immune status and demonstrated that
PD-L1 expression in cancer cells was associated with
clinical outcome in patients with HCC.101 Using
these previous data of PD-L1 expression, the rela-
tionship between P-NRF2 and PD-L1 expression was
examined in 335 patients with HCC. Thirty-seven of
121 (30.6%) cases with positive expression of P-NRF2
showed positive expression of PD-L1, and 34 of 214
(15.9%) cases with negative expression of P-NRF2
showed negative expression of PD-L1. This indicated
that P-NRF2 expression was significantly correlated
with PD-L1 protein levels in HCC (P = 0.0016).

NREF2 directly regulates the expression of HIFla
in various cancer types.(m Increased HIF1 levels were
associated with increased PD-L1 expression.(lg) To test
whether NRF2 expression regulated PD-L1 expression
through HIFla-regulated PD-L1 expression in HCC
cell lines, we confirmed NRF2, HIF1la, and PD-L1
protein levels in control and NRF2-overexpressing
HCC cell lines by western blot analysis. We found
that HIF1la and PD-L1 protein levels were increased
in NRF2-overexpressing cells with interferon gamma
(IFN-y) (Fig. 5A). Next, we investigated whether
NREF2 increased PD-L1 expression via HIF1a. HIF14
expression was knocked down and PD-L1 expression
was examined in NRF2-overexpressing cells. In HIF14
knockdown cells, PD-L1 expression was reduced com-
pared with the control with IFN-y (Fig. 5B). We also
found that PD-L1 protein expression was higher in
NREF2 overexpression cells compared with control cells
using immunofluorescent double staining (Supporting
Fig. S2). Specifically, it was considered that NREF2
increased the expression of PD-L1 through HIF1a.

Discussion

In the present study, we analyzed P-NRF2 expres-
sion in patients with HCC who had undergone
hepatic resection. A high P-NRF2 expression pat-
tern was a significantly poor prognostic factor. NRF2
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TABLE 2. UNIVARIATE AND MULTIVARIATE ANALYSES OF FACTORS RELATED TO RFS AND OS IN
PATIENTS WITH HCC WHO HAD UNDERGONE HEPATIC RESECTION (COX PROPORTIONAL HAZARDS

ANALYSIS)
RFS 0S
Multivariate
Univariate Analysis Analysis Univariate Analysis Multivariate Analysis
HR (95% Cl) HR (95% Cl) HR (95% Cl) HR (95% Cl)
Factor PValue PValue PValue PValue
Age (years) 1.008 (0.995-1.022) 1.025 (1.005-1.048) 1.030 (1.005-1.057)
0.2126 0.0161 0.0180
Sex Male 1.351 (0.965-1.892) 0.858 (0.558-1.320)
Female 0.0796 0.4886
Diabetes mellitus Positive 0.947 (0.698-1.285) 0.928 (0.594-1.449)
Negative 0.7273 0.7439
HBsAg Positive 0.909 (0.628-1.314) 0.758 (0.442-1.299)
Negative 0.6130 0.3146
HCV-Ab Positive 1.115 (0.840-1.479) 1.593 (1.058-2.398) 1.760 (1.087-2.850)
Negative 0.4489 0.0255 0.0214
Albumin 0.526 (0.379-0.735) 0.559 (0.398-0.790) 0.345 (0.219-0.549) 0.456 (0.268-0.782)
0.0001 0.0009 <0.0001 0.0040
Child-Pugh classification B 1.227 (0.576-2.614) 2.122 (0.924-4.872)
A 0.5953 0.0757
AFP 1.000 (1.000-1.000) 1.000 (1.000-1.000) 1.000 (1.000-1.000) 0.999 (0.999-1.000)
<0.0001 0.0079 0.0050 0.2074
DCP 1.000 (1.000-1.000) 0.999 (0.999-1.000) 1.000 (1.000-1.000) 0.999 (0.999-1.000)
0.0063 0.6907 0.0392 0.2037
Tumor size 1.101 (1.048-1.153) 1.021 (0.947-1.093) 1.124 (1.055-1.190) 1.059 (0.945-1.181)
<0.0001 0.5678 0.0001 0.3040
Macroscopic fumor number Multiple 2.209 (1.560-3.070) 1.314(0.775-2.227)  2.061 (1.313-3.234) 2.190 (0.975-4.914)
Single <0.0001 0.3106 0.0017 0.0573
BCLC staging BorC 2.972 (2.091-4.224) 1.615(0.890-2.932)  3.698 (2.399-5.700) 3.537 (1.591-7.860)
OorA <0.0001 0.1148 <0.0001 0.0019
Poorly differentiated Present 1.565 (1.149-2.131)  0.961 (0.673-1.372) 1.859 (1.232-2.804) 1.004 (0.604-1.669)
Absent 0.0044 0.8286 0.0031 0.9854
Microscopic vascular invasion Present 1.447 (1.071-1.955) 1.294 (0.920-1.818)  2.016 (1.352-3.004) 1.498 (0.927-2.423)
Absent 0.0160 0.1378 0.0006 0.0986
Microscopic infrahepatic Present 3.379 (2.318-4.924) 2.144 (1.299-3.538) 3.379 (2.107-5.416) 2.592 (1.301-5.163)
metastasis
Absent <0.0001 0.0028 <0.0001 0.0067
Microscopic liver fibrosis F3orF4 1.292 (0.972-1.716) 1.519 (1.019-2.263) 1.891 (1.214-2.946)
FO,F1,0r F2 0.0768 0.0399 0.0048
P-NRF2 High 1.787 (1.334-2.395) 1.952 (1.430-2.664)  2.270(1.521-3.388) 1.910 (1.234-2.955)
Low <0.0001 <0.0001 <0.0001 0.0037

Abbreviations: BCLC, Barcelona Clinic Liver Cancer; DCP, des-gamma carboxyprothrombin; HBsAg, hepatitis B surface antigen; and
HCV-AD, hepatitis C virus antibody.

Several recent reports have evaluated the prog-
nostic impact of NRF2 protein expression in various

cancers.’*?” Kitano et al. showed that high NRF2
expression was significantly associated with cell

regulates glucose metabolism, and high NRF2 expres-
sion in cancer cells was associated with high SUVmax.
Additionally, we showed that NRF2 expression in can-
cer cells regulated PD-L1 expression through HIF1a.

672



HEPATOLOGY COMMUNICATIONS, Vol. 6, No. 4, 2022 ISEDA ET AL.

A Nrf2

673



ISEDAET AL.

HEPATOLOGY COMMUNICATIONS, April 2022

B GLUT1 HK2
100 1.6
90
14 -
o ¥ o
g’ 20 8’ 1.2 A
@ 60 G 17 =
S S 08
o % % 0.6 -
o
s zz L 04
15 0.2 4
o0 0
ctrl over ctrl over
PKLR PGK1
160 25
o 140 @
D 120 2 27
© ©
£ 100 + £ 15 A
© 8o o
o o
O 60 - ° 11
- 40 -
2 | 0.5
0 0
ctrl over ctrl over
C Glut1 HK2
35 5
5 ] 45
4
D s [0
g) g.‘3.5
g 2 g 3
S .| S 25
el o 2
[e] 1 ©°
w Qs
0.5 4 1
05
g 0
ctrl over ctrl over
PKLR PGK1
45 25
4
35 2
O (0]
o o 2
1
© 25 (] °
Nt <
O 2 © 1 5
2 ., 2
L 1 (T8
05
05
0 0
ctrl over ctrl over

FIG. 4. (Continued)

proliferation.(m High expression of NRF2 and its
downstream effectors promoted migration and inva-
sion of cancer cells.*? Furthermore, NRF2 could
mediate chemoresistance and radioresistance in tumor
therapy(23’24) In this study, we demonstrated that high
P-NREF2 expression was associated with high AFP,

poor differentiation, and microscopic intrahepatic
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metastasis. Our findings are consistent with previous
results. The present report used a large sample size to
reveal the critical stratification of prognosis in patients
with HCC on the basis of P-NRF2 expression.

In the current study, we observed that GLUT1, HK2,
PKLR, and PGK1 mRNA expression was higher in
NRE2-overexpressing cells, and NRF2 was related to
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FIG. 4. Relationship between NRF2 and metabolism in HCC. (A) Heatmap shows distinct differences in mRNA expression in NRF2-
high cells and NRF2-low cells. (B,C) GLUT1, HK2, PKLR, and PGKI expression were assessed using quantitative real-time PCR in
NRF2-overexpressing cells and control cells. Abbreviations: ACLY, ATP Citrate Lyase; ACO1, Aconitase 1; ACO2, Aconitase 2; ACTB,
Actin Beta; AGL, Amylo-Alpha-1, 6-Glucosidase, 4-Alpha-Glucanotransferase; ALDOB, Aldolase, Fructose-Bisphosphate B; ALDOC,
Aldolase, Fructose-Bisphosphate C; B2M, Beta-2-Microglobulin; BPGM, Bisphosphoglycerate Mutase; CS, Citrate Synthase; Ctrl, control;
DLAT, Dihydrolipoamide S-Acetyltransferase; DLD, Dihydrolipoamide Dehydrogenase; DLST, Dihydrolipoamide S-Succinyltransferase;
ENOI, Enolase 1; ENO1, Enolase 1; ENO3, Enolase 3; FBP1, Fructose-Bisphosphatase 1; FBP2, Fructose-Bisphosphatase 2; FH,
Fumarate Hydratase; G6PC, Glucose-6-Phosphatase Catalytic Subunit ; G6PC3, Glucose-6-Phosphatase Catalytic Subunit 3; G6PD,
Glucose-6-Phosphate Dehydrogenase; GALM, Galactose Mutarotase; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; GBE1,
1,4-Alpha-Glucan Branching Enzyme 1; GCK, Glucokinase; GPI, Glucose-6-Phosphate Isomerase; GSK3A, Glycogen Synthase Kinase
3 Alpha; GSK3B, Glycogen Synthase Kinase 3 Beta; GYS1, Glycogen Synthase 1; GYS2, Glycogen Synthase 2; H6PD, Hexose-6-
Phosphate Dehydrogenase/Glucose 1-Dehydrogenase; HK3, Hexokinase 3; HPRT1, Hypoxanthine Phosphoribosyltransferase 1; IDH1,
Isocitrate Dehydrogenase (NADP(+)) 1; IDH2, Isocitrate Dehydrogenase (NADP(+)) 2; IDH3A, Isocitrate Dehydrogenase (NAD(+)) 3
Catalytic Subunit Alpha; IDH3B, Isocitrate Dehydrogenase (NAD(+)) 3 Non-Catalytic Subunit Beta; IDH3G, Isocitrate Dehydrogenase
(NAD(+)) 3 Non-Catalytic Subunit Gamma; MDH1, Malate Dehydrogenase 1; MDH1B, Malate Dehydrogenase 1B; MDH2, Malate
Dehydrogenase 2; PC, Pyruvate Carboxylase; PCK1,Phosphoenolpyruvate Carboxykinase 1; PCK2, Phosphoenolpyruvate Carboxykinase 2;
PDHA1, Pyruvate Dehydrogenase E1 Subunit Alpha 1; PDHB, Pyruvate Dehydrogenase E1 Subunit Beta; PDK1, Pyruvate Dehydrogenase
Kinase 1; PDK2, Pyruvate Dehydrogenase Kinase 2; PDK3, Pyruvate Dehydrogenase Kinase 3; PDK4, Pyruvate Dehydrogenase
Kinase 4; PDP2, Pyruvate Dehyrogenase Phosphatase Catalytic Subunit 2; PDPR, Pyruvate Dehydrogenase Phosphatase Regulatory
Subunit; PFKL, Phosphofructokinase, Liver Type; PGAM2, Phosphoglycerate Mutase 2; PGK2, Phosphoglycerate Kinase 2; PGLS,
6-Phosphogluconolactonase; PGM1, Phosphoglucomutase 1; PGM2, Phosphoglucomutase 2; PGM3, Phosphoglucomutase 3; PHKA1,
Phosphorylase Kinase Regulatory Subunit Alpha 1; PHKB, Phosphorylase Kinase Regulatory Subunit Beta; PHKG1, Phosphorylase
Kinase Catalytic Subunit Gamma 1; PHKG2, Phosphorylase Kinase Catalytic Subunit Gamma 2; PRPS1, Phosphoribosyl Pyrophosphate
Synthetase 1; PRPS1L1, Phosphoribosyl Pyrophosphate Synthetase 1 Like 1; PRPS2, Phosphoribosyl Pyrophosphate Synthetase 2; PYGL,
Glycogen Phosphorylase L; PYGM, Glycogen Phosphorylase, Muscle Associated; RBKS, Ribokinase; RPE, Ribulose-5-Phosphate-3-
Epimerase; RPIA, Ribose 5-Phosphate Isomerase A; RPLPO, Ribosomal Protein Lateral Stalk Subunit PO; SDHA, Succinate Dehydrogenase
Complex Flavoprotein Subunit A; SDHB, Succinate Dehydrogenase Complex Iron Sulfur Subunit B; SDHC, Succinate Dehydrogenase
Complex Subunit C; SDHD, Succinate Dehydrogenase Complex Subunit D; SUCLA2, Succinate-CoA Ligase ADP-Forming Subunit
Beta; SUCLG1, Succinate-CoA Ligase GDP/ADP-Forming Subunit Alpha; SUCLG1, Succinate-CoA Ligase GDP/ADP-Forming
Subunit Alpha; TKT, Transketolase; TPI1, Triosephosphate Isomerase 1; UGP2, UDP-Glucose Pyrophosphorylase 2.

glucose metabolism. Several recent studies suggested that
NREF2 regulates cancer metabolism in various types of
cancer."*®) The phosphatidylinositol 3-kinase-protein
kinase/AKT pathway augments the nuclear accumula-
tion of NRF2 and enables NRF2 to promote glucose
metabolic activities that support cell proliferation in
addition to enhancing cytoprotection.®) HIFla was
also shown to have critical roles in the regulation of
glycolysis metabolism, and up-regulates the expression
of GLUT1 and HK2.%°® Collectively, NRF2 and
HIFla reinforce the malignant behavior of HCC by
up-regulating proliferation and glucose metabolism.
The molecular mechanisms involved in FDG imag-
ing relate to its uptake by GLUT1 and metabolism
by HK and glucose-6-phosphatase (G6Pase). FDG
accumulates in malignant cells through GLUT1
transportation and HK phosphorylation.?” GéPase,
a gluconeogenesis enzyme strongly expressed in the
G0 counteracts HK phosphorylation by convert-
ing glucose-6-phosphate to glucose. High G6Pase
levels therefore reduce FDG accumulation by acceler-
ating the conversion of FDG-6-phosphate to FDG-6-
phosphate to FDG, leading to its release from cells.®V

liver,

Low GLUT1 and high G6Pase expression contrib-
ute to low FDG uptake in HCC tumors, preventing
efficient tumor detection. A pattern of high GLUT1
and low G6Pase expression in poorly differentiated
HCC facilitates FDG uptake, similar to that of liver
metastasis from colorectal cancer.®13? Previously, we
showed that "*F-FDG PET/CT was correlated with
clinical outcome and PD-L1 expression in patients
with HCC, and four subgroups were defined on the
basis of the SUVmax of *F-FDG PET/CT and PD-
L1 expression, whereas vessels that encapsulate tumor
clusters status were observed to have diverse prognostic
features."” In our current study, high NRF2 expres-
sion was significantly associated with high GLUT?
mRNA expression and high SUVmax. These findings
indicated that in cancer cells with high NRF2 levels,
NREF2 increased GLUT1 expression, increased FDG
uptake, and promoted a high SUVmax.

Several studies have investigated the regulation of
PD-L1 expression in cancer cells. Mitogen-activated
protein  kinase pathway, PI3K/AKT pathway,
ARID1A, STAT3, CMTMs6, HIF1, and NREF2
regulate PD-L1 expression. 337 Zhy et al.
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FIG. 5. Overexpression of NRF2 increases PD-L1 expression through HIFla. (A) Control and NRF2-overexpressing Hep3B and
HuH?7 cell lines were treated with IFN-y. (B) NREF2-overexpressing cells with control and HIF1A knockdown were treated with IFN-y.

demonstrated that NRF2 protein binds the regulatory
region of the PD-L1 (CD274) gene‘(m HIF1 regu-
lates PD-L1 through binding to the hypoxia response
element of the CD274 promoter to activate CD274
transcription.(38) NREF?2 targets a functional antioxi-
dant response element at the HIF1A4 locus, revealing
a direct regulatory connection between two import-
ant oxygen-responsive transcription factors.1” We
demonstrated that NRF2 regulated the expression of
PD-L1 through HIFla. In HCC, NRF2 might be
involved in PD-L1 expression through HIFla rather
than by directly regulating PD-L1 expression.

The recent large phase 3 study IMbravel50 eval-
uated atezolizumab + bevacizumab versus sorafenib
as the first treatment for patients with unresectable
HCC. The study showed it to be statistically signifi-
cant and clinically compared to sorafenib in patients
with HCC."” Sacher et al. showed that tumor PD-L1
expression was associated with an increased likelihood
of tumor response to PD-L1 checkpoint inhibi-
tors.®” We previously reported that PD-L1-positive
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expression in cancer cells was associated with a signifi-
cantly higher SUVmax compared to PD-L1-negative
expression.<10) In the current study, we demonstrated
that NRF2 was associated with SUVmax and PD-L1
expression in cancer cells. We speculate that patients
with HCC with SUVmax-high may be more suitable
tor anti-PD-1/PD-L1 therapy, because patients with
HCC with SUVmax-high reveal high PD-L1 expres-
sion in cancer.

In summary, our large cohort study revealed that
NRE2 expression in cancer cells was associated with
clinical outcome. Additionally, we found that NRF2
was located upstream of cancer metabolism and tumor
immunity.
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